Knowledge of the fracturing behaviors in gas-hydrate-bearing sediments is essential to understand the accumulation mechanism of gas hydrates in fractured sediments and to apply hydraulic fracturing as a well stimulation method when considering gas recovery from gas hydrate reservoirs. We present an experimental study of hydraulic fracturing involving methane-hydrate-bearing sand formed in a triaxial pressure cell. The injection pressure rapidly increased after the start of distilled water injection from the core top through a small port, but suddenly decreased afterward. X-ray computed tomography revealed that laminar fractures, which were oriented in a plane perpendicular to the minimum principal stress, were generated after this pressure drop. The fracturing pressure was 2.9-3.9 MPa above the minimum principal stress. Although the host sediment was unconsolidated, the observed fracture behavior yielded a consolidated-rock-like fracturing mode, i.e., the tensile failure mode. It was affected by the lowpermeable feature of hydrate-bearing sediments. The permeability was increased after fracturing and was maintained even after re-confining and closing the fractures. The results indicate that hydraulic fracturing is a promising well stimulation method for low-permeable gas hydrate reservoirs.
Introduction
Gas hydrates are crystalline solids composed of water and gas. 1 Methane hydrate, which is commonly found in nature, exists in permafrost regions and deep oceanic environments. The global resource of methane in the gas hydrate is estimated as trillions of cubic feet of gas.
2 From this perspective, methane hydrate is considered to dominate an important part of the global carbon cycle 3 and has potential to become a future energy resource. 4 To understand the role of methane hydrate on the global carbon cycle, it is important to investigate methane leakage and methane hydrate accumulation processes occurring at/below the sea oor. Methane leakage at the sea oor is recognized as methane inputs into the atmosphere. 5 In addition, methane hydrate accumulated below the sea oor is considered to relate to this leakage. 6 In many cases, the fracture system allows for gas migration into the hydrate stability zone and affects methane hydrate accumulation. 7 Therefore, understanding the fracturing behavior in the hydrate stability zone is quite important. Fracturing and hydrate accumulation are considered a dynamic process on time scales of years to decades. 7 To understand the dynamic interaction among gas ow and hydrate formation/dissociation in the fracture system, experimental and numerical studies have been conducted. Fauria and Rempel experimentally studied the fracturing mechanism induced by gas invasion into hydrate-free sandy sediment. 8 Jin et al. used a numerical approach to investigate the crack extension induced by hydrate dissociation in low-permeable muddy sediments. 9 Fracturing behavior in hydrate-bearing sandy sediments is also essential to understand the process; however, no such study has been reported so far.
From the viewpoint of resource development, fracturing behavior in hydrate-bearing sandy sediments is an important topic for developing a well stimulation method. Depressurization is considered a promising method of gas production from gas hydrate reservoirs. The key factors of depressurizationinduced gas production are the initial effective permeability and the initial reservoir temperature, which affect the speed of pressure propagation in reservoirs and the recovery factor of gas, respectively.
10 Similar to the case of exploitation of unconventional hydrocarbons, such as shale gas, low production rate and low recovery factor are essential problems to address in realizing commercial gas production from gas hydrate reservoirs. In this respect, enhancing the recovery to assist depressurization is important. Thus far, a number of heat supply methods to enhance the recovery factor have been proposed for relatively low-temperature reservoirs. [11] [12] [13] [14] [15] [16] [17] In contrast, a well stimulation method for increasing the effective permeability is rarely studied. For low-permeability reservoirs, a Methane Hydrate Production Technology Research Group, Research Institute of Energy Frontier (RIEF), Department of Energy and Environment, National Institute of Advanced Industrial Science and Technology (AIST), 2-17-2-1 Tsukisamu-Higashi, Toyohira-ku, Sapporo 062-8517, Japan. E-mail: yoshihiro-konno@aist.go.jp; jiro. nagao@aist.go.jp such as shale, hydraulic fracturing has been applied to create cracks in which hydrocarbons can ow easily. Hydraulic fracturing is potentially effective in gas hydrate reservoirs as a well stimulation method. Ito et al. conducted a laboratory study of hydraulic fracturing in unconsolidated hydrate-free sand and mud layers mimicking the host sediment of methane hydrate reservoirs.
18 They found that the uid injection induced a fracture-like structure at the interface between the hydrate-free sand and the mud layers. 18 If fractures can be formed in the gas-hydrate-bearing sediments, then they would accelerate pressure propagation and enlarge the hydrate dissociation area, thereby increasing the gas production rate and the present value of the reservoir. However, to the best of our knowledge, no study has been conducted on hydraulic fracturing in gas-hydrate-bearing sediments, either experimentally or numerically.
To examine hydraulic fracturing in gas hydrate reservoirs, the unique permeability feature of gas-hydrate-bearing sediments should be considered. In gas-hydrate-bearing sediments, the effective permeability of water or gas, which reects the ability of water or gas to ow when other uids and hydrate coexist, is relatively low. In contrast, the host sediment frequently exhibits high absolute permeability due to unconsolidated, high-porosity, and coarse-grained sand. For example, in the eastern Nankai Trough, the effective water permeability of hydrate-bearing sediments was 1-100 millidarcies (mD); however, the absolute permeability of host sand sediments was up to 1.5 darcy (D). 19 If hydraulic fracturing can be applied to these sediments, the host sand would become a natural proppant and hold the fractures open during gas production. In a modeling study for sand production in gas-hydrate-bearing sediments, sand grains were assumed to be detached from the intact soil skeleton when the hydraulic gradient of the uid (water or gas) exceeded its critical value. 20 Thus, this mechanism is expected to occur during hydraulic fracturing and production processes. It indicates that injection uid does not necessarily contain proppants for hydraulic fracturing in gas hydrate reservoirs. However, hydrate particle cohesion and reformation aer hydraulic fracturing should be considered to ensure the fractures remain open. Hydrate-bearing sandy sediment is consolidated before production because the gas hydrate bonds the sand grains to each other. Injected uid will drag the bonded gas hydrate away from the sand grains or form cracks in the hydrate particles themselves. However, the gas hydrate can bond again because of cohesion and reformation when the pressure and temperature condition remains within the range of thermodynamic hydrate-stable conditions. This process, which is a time-dependent phenomenon, may close the fractures.
In this study, we present the rst laboratory experiment of hydraulic fracturing conducted for methane-hydrate-bearing sand formed in a triaxial pressure cell. Distilled water was injected through a small port into the core to induce fractures in articial methane-hydrate-bearing sand. The structure inside the core was observed using an X-ray CT scanner to detect the formed fractures. The hydraulic fracturing pressure was investigated for the presence of methane-hydrate-bearing sand. To investigate the requirement of proppants and the probability of restoration of fractures, the permeability was analyzed before fracturing, aer forming fractures, and aer the closing of fractures by re-conning the core.
Experimental

Apparatus
A schematic of the experimental apparatus is shown in Fig. 1 . The cylindrical core is 50 mm in diameter and 69.9 mm long, and it is placed inside a triaxial pressure cell. The body of the cell is made of an aluminum alloy to allow for X-ray transmission. The maximum operation pressure of the cell is 10 MPa. An end plug attached to the bottom of the core is movable to enable application of the axial pressure. The surrounding of the core is covered by a rubber sleeve to apply the lateral conning pressure. The axial and lateral conning pressures are independently controlled by separate syringe pumps (Teledyne Isco, 500D). A spacer with an injection port of diameter 3 mm is located at the top of the core. To prevent the leakage of the fracturing uid through the attachment between the core and the spacer, a rubber sheet is sandwiched between them. The fracturing uid is injected via a syringe pump (Teledyne Isco, 500D), which controls the injection rate and pressure. A coolant is circulated around the triaxial pressure cell to maintain the system temperature to be within the range of thermodynamic hydrate-stable conditions. A X-ray CT scanner (Hitachi Medico Technology, MCT-130 CBHS)
21 is used to observe the structure inside the core. The image resolution is 0.254 mm (vertical) Â 0.241 mm (horizontal) per pixel, and the slice pitch is 0.25 mm. The X-ray source and the at-panel detector move around the sample stage on which the triaxial pressure cell is set.
Sample preparation
Wet Toyoura sand was tapped inside the rubber sleeve to produce the core sample. The porosity derived by the mass balance was 38%. Aer producing the core sample, the axial and lateral conning pressures were applied at 2.1 MPa and 1.1 MPa, respectively. The partial water saturation method 22 was applied to form methane hydrate inside the pores. While maintaining the effective stress, methane gas (purity 99.99%) was gradually pressurized up to 4.1 MPa and the temperature was decreased to approximately 276 K to form methane hydrate inside the pore spaces. Aer forming methane hydrate, distilled water was injected from the bottom of the core to remove as much of the residual methane gas as possible. The phase saturation derived by the mass balance was 72% of hydrate and 28% of water. Aer ushing with distilled water, the residual gas was negligible in this experiment. The pore pressure, the axial conning pressure, and the lateral conning pressure were 4.1 MPa, 6.1 MPa, and 5.1 MPa, respectively. The temperature was approximately 276 K, which was within the range of thermodynamic hydrate-stable conditions. Fig. 2 shows the changes in the injection rate, the injection pressure, the core bottom pressure, and the axial and lateral conning pressures during hydraulic fracturing. The injection rate of fracturing uid was set at 5 mL min À1 , which was sufficient to increase the injection pressure in excess of the uid penetration into the core. From the safety limitation of the triaxial pressure cell, the maximum injection pressure and fracturing uid volume were controlled up to 9.0 MPa and 10 mL, respectively. The axial and lateral conning pressures were maintained constant during injection. Fracturing uid was injected two times for the same core. In the rst injection, the injection pressure reached 9.0 MPa and the injection rate drastically decreased from 5 mL min À1 to approximately 0.5 mL min
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. However, a few minutes later, the injection rate gradually increased and reached 5 mL min À1 before stopping the injection. The injection pressure was maintained at 9.0 MPa during the rst injection. The X-ray CT image shown in Fig. 3 indicates that a small fracture originated at the injection port was formed (0-20 mm from the core top). Aer the rst injection, the pore pressure was decreased to the initial condition and the core was in the re-conning state. The X-ray CT image obtained approximately one day aer re-conning shows that the fracture was closed. The second injection was conducted approximately one day aer the rst injection. The injection pressure increased over 8.0 MPa and then decreased sharply toward the lateral conning pressure of 5.1 MPa. The injection rate during the second injection was constant at 5 mL min À1 . The X-ray CT image indicates that the small fracture formed during the rst injection was opened again, but the fracture was widened (0-20 mm from the core top) and enlarged toward the bottom of the core (25-60 mm from the core top) compared with the fracture caused by the rst injection. A few connected fractures were developed in the core in a plane perpendicular to the minimum principal stress, i.e., the lateral conning stress in this experiment. The fractures were straight, laminar, and less tortuous and formed radially. 3.2 Relationship between the fracturing pressure and the strength of hydrate-bearing sand Fig. 4 shows the observed and typical failure modes in this experiment. Shear failure is a sliding mode caused by shear stress inside the core, while tensile failure is an opening mode caused when the uid pressure overcomes the effective stress and tensile stress of the sediment. The conguration of fractures in our experiment indicates that tensile failure occurred. Therefore, the excess fracturing pressure of 2.9-3.9 MPa (fracturing pressure ranging from 8.0 MPa to 9.0 MPa -minimum principle stress of 5.1 MPa) is related to the tensile strength of hydrate-bearing sand.
The tensile strength of hydrate-bearing sand has not been reported previously; however, for bulk hydrates, the tensile strength was investigated experimentally and numerically. Jung and Santamarina experimentally investigated the tensile strength of hydrate mass itself and the hydrate-mineral adhesive strength at zero effective stress condition. 23 They reported that the tensile strength of methane hydrate is 0.20 AE 0.03 MPa, which is smaller than the hydrate-calcite adhesive strength. 23 Li et al. experimentally investigated the tensile strength of methane hydrate lms on gas bubbles by simulating rising gas bubbles in deep water and observed that the tensile strength of the hydrate lm increases monotonously from sub-MPa to the order of a few MPa with subcooling. 24 They concluded that smaller hydrate crystals formed at higher subcooling consolidated more tightly to form the hydrate lm. 24 Recently, the strength of polycrystalline methane hydrate was calculated using molecular dynamics (MD) simulations by Wu et al. 25 They found that the tensile and compressive stresses of polycrystalline methane hydrate depend on the grain size of the crystals. 25 The tensile strength estimated by MD was found to reach ultimate values of $0.185 GPa. 25 It was one-thousand-fold higher than the experimental data reported by Jung and Santamarina.
23
These studies indicate that the tensile strength of gas hydrates strongly depends on the crystalline structure (crystallinity) and grain size of the crystals. Gas hydrate crystals formed in porous media exhibit a variety of crystallinity types and grain sizes. Therefore, the value reported by Jung and Santamarina,
of sub-MPa order, is considered reasonable for the tensile strength of gas hydrates in porous media. However, the excess fracturing pressure obtained in this study was 2.9-3.9 MPa. This discrepancy may relate to the crystal-crystal and crystal-sand interactions under effective stress loading. The hydrate-sediment interaction (hydrate morphology in sediments) governs physical properties such as the mechanical strength. 26, 27 By loading effective stress, hydrate crystal grains will bond strongly with each other and with sand grains, resulting in higher tensile strength. These considerations lead to the hypothesis that the excess fracturing pressure of hydrate-bearing sediments depends on the following factors: crystallinity, grain size of the crystals, hydrate morphology, hydrate saturation, and effective stress. Theoretically, the excess fracturing pressure of the tensile failure mode is independent of effective stress; however, the excess fracturing pressure of hydrate-bearing sediments is considered to depend on effective stress even though tensile failure occurred.
Studies on the compressive strength of hydrate-bearing sand under effective stress loading provide good information to consider. Miyazaki et al. conducted drained triaxial compression tests of articial methane-hydrate-bearing sediments using three types of sands. 28 In a condition using Toyoura sand with hydrate saturation of 50% under an effective conning pressure of 1 MPa, which is similar to our experimental condition, the triaxial compressive strength was found to be 6.5 MPa.
28
Recently, Yoneda et al. conducted triaxial compression tests of gas hydrate-bearing (mainly methane-hydrate-bearing) sandy sediments and clayey-silty sediments recovered in the Eastern Nankai Trough.
29
They obtained data for high hydrate saturation greater than 70% and introduced an empirical equation to calculate the difference in shear (compressive) strength between the hydrate-bearing and hydrate-free sediments as a function of hydrate saturation. Based on the empirical equation, the triaxial compressive strength can be estimated to be 8.6 MPa for hydrate saturation of 72% under an effective conning pressure of 1 MPa. This triaxial compressive strength value is approximately twice larger than the excess fracturing pressure obtained in this study. Although the relationship between compressive and tensile strength of methanehydrate-bearing sediments is unknown, the comparative result may reect the compressive-tensile strength ratio under effective stress loading.
Permeability change
To analyze permeability before fracturing (initial condition) and aer rst and second fracturing tests, the pressure relaxation tests were conducted. The core top pressure was measured while controlling the core bottom pressure using the syringe pump. Pressure changes are shown in Fig. 5 . The effective permeability was estimated through history matching of the pressure change with the estimation from the numerical simulation. The initial effective permeability was estimated to be 0.00080 mD, which was too low to allow water to ow at a realistic ow rate. The result indicates that hydrate blocked ow paths inside the core. Aer the rst injection, the effective permeability was increased to 0.014 mD. Aer the second injection, the core top pressure immediately followed the controlled core bottom pressure. Because the effective permeability was difficult to estimate through this pressure relaxation test, core ooding test was conducted aer re-conning the core. The X-ray CT image (Fig. 3) shows that the fractures were closed before conducting the ooding test. The averaged differential pressures during the ooding test were 13.3 kPa, 19.4 kPa, and 23.8 kPa for injection rates of 0.05 mL min À1 , 0.075 mL min À1 , and 0.1 mL min À1 , respectively. The effective permeability was calculated to be 4.6 mD, which was drastically increased from the initial condition, even though the fractures were closed. Assuming that a single fracture or single conduit is generated, the fracture aperture and conduit diameter are estimated at 0.23 mm and 0.38 mm, respectively. The permeability can be calculated by (fracture aperture) 2 /12 and (conduit diameter) 2 /32. These simple calculations suggest that the permeability increase was due to crystal-crystal and crystalsand boundaries activated by hydraulic fracturing. The result indicates that hydrate grain cohesion and reformation were not sufficient to close these boundaries in this period. These boundaries are the rst ow paths during gas production and promote the detachment of the surrounding sand grains. This indicates that proppants are not necessarily required to maintain the permeability aer hydraulic fracturing.
Applicability of the method
In this study, the fracturing uid was injected at 5 mL min
À1
through an injection port with a diameter of 3 mm. The injection rate can be scaled up to real elds. Currently, the ow capacity of the injection pump for hydraulic fracturing exceeds 100 barrel per min (approximately 15.9 kL min À1 ) in the petroleum industry. Such pumps can cover the injection area over 22 m 2 when the equivalent ow rate is applied, which is sufficient to cover the target stratum in real elds. Recent studies on the strength of hydrate and hydratebearing sediments indicate that the fracturing pressure of hydrate-bearing sediments highly depends on the following factors: crystallinity, grain size of the crystals, hydrate morphology, hydrate saturation, and effective stress. In the future, we aim to perform a parametric study of these factors to realize hydraulic fracturing at real reservoirs. For example, hydrate morphology needs to be carefully considered according to the hydrate formation process. 30 The partial water saturation method used in this study tends to form grain-cementing hydrates in addition to pore-lling hydrates. 22 In contrast, pore-lling or load-bearing hydrates are common in nature, such as in the Nankai Trough. [31] [32] [33] At low hydrate saturation (<40%), hydrate crystals may shear, detach from the mineral surface, or interfere with rotation during shear deformation.
34
Hydrate morphology determines which mechanism performs the key role. Therefore, the tensile strength may be affected by hydrate morphology, particularly at low hydrate saturation. Although the results of this study could be applied to real elds due to the high hydrate saturation (72%), the effect of hydrate morphology should be investigated when considering their application to low-saturated hydrate reservoirs.
It can be noted that real reservoirs have various host sediments such as unconsolidated sand, silt, clay, and consolidated sandstone. If the host sediment is unconsolidated silt/clay or consolidated sandstone, proppants are required to hold the fractures open. The necessity of proppants should be investigated according to the host sediments.
Conclusions
The hydraulic fracturing test was conducted using distilled water for a methane-hydrate-bearing sandy core formed in a triaxial pressure cell. The fracturing pressure was 2.9-3.9 MPa above the minimum principal stress. Although the host sediment was unconsolidated, the observed fracture behavior yielded a consolidated-rock-like fracturing mode, i.e., the tensile failure mode. In general, in unconsolidated rocks, the dominant mode of fracturing was shear failure. 35, 36 The highpermeable feature of unconsolidated rocks leads to inltra-tion of the fracturing uid and results in the generation of shear stress inside the sediments. In contrast, the initial effective permeability of hydrate-bearing sand was of sub milli-darcy order, although the absolute permeability of sand was of darcy order. The fracturing behavior of hydrate-bearing sediments was affected by this low-permeable feature at the initial condition and yielded a consolidated-rock-like fracturing mode.
The permeability was increased aer fracturing and was maintained even aer re-conning and closing the fractures. The lack of requirements of chemicals and proppants in the fracturing uid is favorable from both economical and environmental viewpoints. An effective permeability higher than the value between 1 and 10 mD is a good candidate for gas production via the depressurization method.
10 Based on the permeability increase shown in this experiment, hydraulic fracturing is promising as a well stimulation method for lowpermeable gas hydrate reservoirs.
